O steogenesis imperfecta is a heritable disorder characterized by bone fragility, short stature, and bone deformities associated with typical extraskeletal manifestations such as dentinogenesis imperfecta. It is most often caused by mutations affecting collagen type I 1 . Disease severity ranges from intrauterine fractures and perinatal lethality to very mild forms with rare fractures. Sillence et al. separated osteogenesis imperfecta into four types 2 . Type I includes patients with a mild nondeforming form and a normal or mildly short stature. Type II is a perinatally lethal form related to multiple rib and long bone fractures at birth. Type III is the most severe form for surviving children and is associated with progressive bone deformities and scoliosis. Type IV is a moderate form and includes patients who do not conform to the previous categories. From this last and rather heterogeneous group of patients, three additional types of osteogenesis imperfecta (types V, VI, and VII) have recently been delineated, on the basis of the absence of collagen type-I mutations and the specific clinical and histologic features of the bones. Type-V osteogenesis imperfecta is characterized by hyperplastic callus. The diagnosis of type-VI osteogenesis imperfecta is based on specific histologic findings in the bone, including a mineralization defect affecting bone but not cartilage tissue 4 . Type VII is a moderately severe form of osteogenesis imperfecta with short humeri, short femora, and coxa vara 5 . A recent study found that type VII is caused by a mutation in the CRTAP gene 6 . Table I summarizes the current classification of osteogenesis imperfecta.
Deformities of the upper extremity in osteogenesis imperfecta have been studied far less frequently than those of the lower limbs, probably because they are less frequent and have less obvious functional implications. However, Amako et al. showed that upper limb deformities in children with osteogenesis imperfecta are not only a cosmetic problem but may substantially impair functional activities of daily living 7 .
The aims of the present retrospective study were to investigate the prevalence of radial head malalignment in the different types of osteogenesis imperfecta and to identify factors linked to such malalignment.
Materials and Methods

B
etween January 1992 and June 2004, 376 patients with osteogenesis imperfecta were seen at least once in our institution. Patients were included in the present study if they could be diagnosed as having a specific type of osteogenesis imperfecta, did not have a recent or unhealed upper limb fracture, and had had at least one radiographic assessment of the upper limb at our clinic. Patients in whom radial head alignment was impossible to define on the radiographs were excluded. Two hundred and fifty-four patients (130 female and 124 male patients) fulfilled these inclusion criteria. The mean age was 9.5 years (range, 1.5 months to 23.5 years). Seventy-six patients (30%) had type-I; sixty (23.5%), type-III; eighty-six Male  72  48  78  20  18  0  236   Female  70  68  88  16  4  7  253   Side   Right  71  58  83  18  11  3  244   Left  71  58  83  18  11  4  245   Total  142  116  166  36  22  7  489   Percentage of all types  29  24  34  7  5 1 100 *A significant difference was found among the types of osteogenesis imperfecta with respect to age (p = 0.046) and sex distribution (p < 0.001). (34%), type-IV; eighteen (7%), type-V; ten (4%), type-VI; and four (1.5%), type-VII osteogenesis imperfecta. The classification of patients according to the type of osteogenesis imperfecta was primarily based on clinical characteristics. However, in all patients with types V, VI, and VII, the diagnosis had been confirmed by the absence of collagen type-I mutations and specific findings on histologic analysis of the iliac bone.
For each patient, we selected radiographs from a single time-point, when documentation of the relevant skeletal areas was best. Anteroposterior and lateral radiographs of 489 upper extremities were available. Most of these radiographs were made as part of routine skeletal surveys. As this is a hospitalbased study, the study group probably does not provide a representative cross-section of the entire population of patients with osteogenesis imperfecta but most likely is skewed toward those who are more severely affected. In some patients, radiographs from only one upper limb were available. For this reason, results are presented relative to the number of upper limbs rather than relative to the number of patients. The distribution of examined upper limbs according to age, sex, side, and type of osteogenesis imperfecta is shown in Table II .
Radiographic Assessment
There are no established radiographic criteria to assess radial head malalignment and associated abnormalities. Nevertheless, dislocation is commonly defined as the complete disruption of a joint, whereas subluxation is a minor disruption of a joint in which some articular contact remains 8 . According to the criteria defined by Sachar and Mih, we therefore distinguished between radial head dislocation and radial head subluxation 9 . The other radiographic criteria used in this study are related to normal anatomical descriptions.
Using anteroposterior and lateral radiographs of the humerus and forearm, we recorded the presence and direction of radial head dislocation or radial head subluxation, the Anteroposterior ( Fig. 1-A) and lateral ( Fig. 1-B ) radiographs of the left elbow of a patient with type-IV osteogenesis imperfecta, showing lateral subluxation of the radial head. The straight line represents the longitudinal axis of the proximal part of the radius.
The dotted line represents the contours of the normal capitellum. The cross represents the center of the capitellum. On the anteroposterior radiograph, the longitudinal axis of the proximal part of the radius passes through the capitellum but not in the center, defining radial head subluxation.
presence of a dysplastic capitellum, the presence of a dysplastic radial head or radial neck, and the presence of interosseous membrane ossification and/or radioulnar synostosis. A normally aligned radial head was said to be present when a line coincident with the longitudinal axis of the proximal aspect of the radius passed through the center of the capitellum on both anteroposterior and lateral radiographs. If this line passed through the capitellum but not through its center, we classified the finding as radial head subluxation (Figs. 1-A and 1-B). If this line did not pass through the capitellum, we defined it as a radial head dislocation (Figs. 2-A and 2-B). Radial head dislocation and radial head subluxation are grouped under the term malaligned radial head.
The normal capitellum is a rounded, convex projection, less than half a sphere, and formed of the anterior and inferior surfaces of the lateral part of the condyle of the humerus 10 ( Fig.  3-A) . If the capitellum did not correspond to this description, we defined it as dysplastic ( Fig. 3-B) . The normal radial head is disc-shaped, and its articular surface is a shallow cup for articulation with the capitellum of the humerus. The articular circumference of the head is smooth and is widest medially, where it articulates with the radial notch of the ulna. The neck of the radius is the constricted part distal to the radial head and is overhung by it, especially on the lateral side 10 ( Fig. 3-A) . If the radial head and/or the radial neck did not correspond to this description, we defined it as a dysplastic radial head or radial neck ( Fig. 3-B) . In young patients in whom the capitellum or the radial head ossification centers had not yet appeared, only the clearly identifiable abnormalities were noted. The normal interosseous membrane originates approximately 3 cm distal to the radial tuberosity and extends to the wrist 11 . If the interosseous membrane was not radiolucent, we defined it as calcified (Fig. 4) . A radioulnar synostosis is a fusion between those two bones 11 ( Fig. 5 ). 2697
The location (proximal, middle, and distal third), direction, and magnitude of humeral, radial, and ulnar bowing deformities were recorded for each type of osteogenesis imperfecta. If bowing occurred in several locations or had several directions, we classified the finding as multiple bowing. We measured the angle between the long axis of the proximal and distal parts of the bone for both the anteroposterior and the lateral radiograph (Figs. 6-A and 6-B). The magnitude of the deformity was defined by the largest angle measured in either radiograph 7 . 
No. (%) of limbs with radial head dislocation 2 (1) 10 (9) 11 (7) 21 (58) 0 (0) 0 (0) 44 (9) No. (%) of limbs with radial head subluxation 1 (<1) 15 (13) 11 (7) 10 ( 2698
The results of clinical examinations were included in this study if they had been performed within six months of the radiograph. Measurements of the range of motion in pronation and supination as well as hand grip force were obtained by experienced occupational therapists. Three measurements of grip force were performed in the same session, and the mean of the three was noted. Grip force results were converted into agespecific z-scores with use of published reference data 12 .
Statistical Analysis
Results of discrete measures were displayed as frequencies, and the significance between the groups was assessed by the chisquare test. Continuous variables were assessed as means and standard deviations, and comparisons between the means in two groups were performed with a Student t test or a MannWhitney U test, as appropriate. Comparison between means in more than two groups was performed by a one-way analysis of variance. Odds ratios derived from logistic regression analysis were used to evaluate factors that were independently associated with radial head malalignment. A p value of <0.05 was considered significant.
Results
I
n this series of 489 upper limbs, we observed eighty-three limbs (17%) with radiocapitellar joint malalignment (Table  III) . Radial head dislocation was present in 9% and radial head subluxation was present in 8% of the limbs. The frequency of radial head malalignment differed among osteogenesis imperfecta types, ranging from 0% in type VI to 86% in type V. The frequency of radial head dislocation was similar to that of radial head subluxation for all types except for type V and type VII. In type V, radial head dislocation was more prevalent (58% of the upper limbs in the group) than radial head subluxation (28%). This was opposite to the findings in the seven limbs in the type-VII group, in which the radial head was more often subluxated (two upper limbs) than dislocated (no upper limb).
Logistic regression analyses revealed that the prevalence of radial head dislocation increased with age, regardless of the type of osteogenesis imperfecta and the sex of the patient (Table IV) . Radial head dislocation was also more prevalent in types III, IV, and V than in type I, which was selected as the reference type for the purpose of the logistic regression analysis. The type of osteogenesis imperfecta, but not age, was also independently associated with radial head subluxation (Table IV) .
As radial head malalignment seemed to be more frequent in type-V osteogenesis imperfecta than in the other types, we attempted to characterize the differences among the types more closely. The direction of dislocation was significantly different between type V and the other types (p < 0.001). We found that in type-V osteogenesis imperfecta, nineteen (90%) of twentyone limbs with radial head dislocation had dislocated in an anterior, lateral, or anterolateral direction (Figs. 2-A and 2-B) , whereas this had occurred in only two (9%) of the twenty-three limbs with radial head dislocation in the other types of osteogenesis imperfecta. For types other than type V, posterior and posterolateral dislocations were most often seen, characterizing sixteen (70%) of twenty-three such limbs, whereas such dislocations occurred in only two (10%) of twenty-one limbs with radial head dislocation in type-V osteogenesis imperfecta. No pure medial but five anteromedial or posteromedial radial head dislocations (Figs. 7-A and 7-B) were observed, and all of them were in limbs with osteogenesis imperfecta of a type other than type V.
In type-V osteogenesis imperfecta, all radial head subluxations were anterior, lateral, or anterolateral, following the same directions most frequently seen in dislocations. For other types of osteogenesis imperfecta, twenty-four (83%) of Radiograph of the left forearm of a patient with type-V osteogenesis imperfecta showing a calcified interosseous membrane. twenty-nine limbs with radial head subluxation were lateral, posterior, or posterolateral. However, with the numbers studied, this difference in the direction of subluxation was not found to be significant (p = 0.053). No medial or anteromedial subluxations and only one posteromedial subluxation were observed in osteogenesis imperfecta types other than type V.
More than 95% of the limbs could be assessed for an abnormal calcification of the interosseous membrane or a dysplastic appearance of the capitellum, radial head, or radial neck. A dysplastic capitellum was significantly associated with malalignment in all types of osteogenesis imperfecta (p = 0.008 for radial head dislocation in type V, and p < 0.001 for radial *A significant association was found between radial head dislocation and age and type of osteogenesis imperfecta; no significant association was found between radial head dislocation and sex. †A significant association was found between radial head subluxation and type of osteogenesis imperfecta; no significant association was found between radial head subluxation and age and sex. ‡P values indicate the significance of the association after adjustment for the other two explanatory variables. 2007 head dislocation and radial head subluxation in the other types of osteogenesis imperfecta), except for radial head subluxation in type V, which may be attributed to the small number of limbs with radial head subluxation in patients with type-V disease. A dysplastic radial head or radial neck was associated with malalignment in all types of osteogenesis imperfecta (p < 0.02 for both type V and the other types). Calcification of the interosseous membrane was found only in type V and was associated with both radial head dislocation (p = 0.01) and radial head subluxation (p = 0.03) in this group. Radioulnar synostosis was not associated with malalignment in type V, and was linked only to radial head dislocation in the other types of osteogenesis imperfecta (p < 0.001).
The direction of bowing deformities in the humerus and forearm bones could be evaluated in 87% of the limbs. In type-V osteogenesis imperfecta, malalignment of the radial head was associated only with ulnar bowing (p = 0.02 for radial head dislocation and p = 0.03 for radial head subluxation) but not with radial bowing. In this type, eight of nineteen limbs with radial head dislocation had ulnar bowing in multiple direc- Anteroposterior (Fig. 6-A) and lateral ( Fig. 6-B ) radiographs of the right forearm of a patient with type-V osteogenesis imperfecta, demonstrating the method used to measure the magnitude of the ulnar deformity. The lines represent the axes of the proximal and distal parts of the bone for both views. a is the ulnar deformity angle on the anteroposterior radiograph. b is the ulnar deformity angle on the lateral radiograph. The magnitude of ulnar deformity in this case is b, because it is the larger angle measured.
tions, and seven of nine limbs with radial head subluxation had ulnar bowing in a lateral or anterior direction. The magnitude of the ulnar bowing in the limbs with radial head dislocation (mean, 23°) was significantly higher (p = 0.02) than that in the upper limbs without radial head dislocation (mean, 12°). In osteogenesis imperfecta other than type V, the direction and location of radial and ulnar bowing but not of humeral bowing was related to malalignment. However, the magnitude of the radial bowing was not linked with malalignment. The magnitude of the ulnar bowing was significantly higher in the presence of radial head dislocation (26°) and radial head subluxation (19°) than in the absence of radial head malalignment (11°) (p < 0.01).
Additionally, we assessed the relationship between radial head malalignment and functional studies, namely, hand grip force and forearm motion in pronation and supination. Sufficient numbers of studies were available only for patients with type-III, IV, and V osteogenesis imperfecta. Information was available for 25% to 47% of the eighty-three limbs affected by radial head malalignment, depending on the criterion used. In osteogenesis imperfecta other than type V, the range of motion in pronation and supination was significantly lower when radial head dislocation was present (p < 0.001). This range of motion was not linked to radial head dislocation in type-V osteogenesis imperfecta and was not linked to radial head subluxation regardless of type. The presence of radial head dislocation was associated with lower grip force, both in type V (an average grip force z-score of -3.8 with radial head dislocation compared with -2.2 without dislocation; p = 0.008) and in type-III or IV osteogenesis imperfecta (an average grip force z-score of -4.0 with radial head dislocation compared with -2.6 without dislocation; p = 0.05).
Discussion
I
n this series of patients with osteogenesis imperfecta, malalignment was present in a substantial number of patients and the prevalence of malalignment depended on the type of osteogenesis imperfecta. Radial head malalignment was particularly frequent in type V. In the so-called classic types I through IV, the frequency of radial head dislocation seemed to mirror the severity of the disease (type III > type IV > type I).
Previous work from our institution had expanded the Sillence classification of osteogenesis imperfecta by delineating three additional types of the disorder (types V, VI, and VII) 1 . The present study highlights the utility of the expanded classification, as it shows that type V is also a distinct entity 2702
with regard to radial head malalignment. The most obvious specific characteristic of radial head malalignment in type V is its association with calcification of the interosseous membrane. This calcification was noted in the first description of type-V osteogenesis imperfecta by Glorieux et al., who also noted that the frequency of radial head dislocation seemed unusually high in this disorder 3 , an impression confirmed by the present study. In addition, we found that an anterior and/or lateral direction of malalignment was typical of type V. Dysplastic deformation of the capitellum and radial head or neck was also frequently encountered in type V but was not specific for this type. Such dysplastic deformations are also well known from the literature on congenital radial head dislocation 9, [13] [14] [15] . Radial head malalignment in osteogenesis imperfecta types other than type V predominantly occurred in a posterior and posterolateral direction, also the usual direction of dislocation in congenital radial head dislocation 16 . The association between radioulnar synostosis and radial head dislocation is another similarity to congenital radial head dislocation 13 . Bowing of both forearm bones was frequently encountered in patients with radial head malalignment, which is not surprising as fractures are more frequent in the more severe types of osteogenesis imperfecta, in turn leading to a higher prevalence of malalignment. In the presence of malalignment, ulnar bowing was noted predominantly in a posterior or posterolateral direction. Thus, radial head malalignment and ulnar bowing commonly had the same direction. It is still unclear whether this association reflects a causal relationship or is a mere coincidence.
The present data indicate that patients with radial head dislocation had functional impairment with regard to grip force and the forearm range of motion in pronation and supination. Similar findings were reported in a small group of patients with congenital radial head dislocation 15 . The factors causing radial head malalignment in osteogenesis imperfecta were not directly addressed in this study, but our observations may nevertheless give rise to hypotheses about the etiology of this problem. Schematically, radial head malalignment might be due to congenital, developmental, or traumatic factors. A traumatic etiology is thought to be rare in general, but it might be more frequent in patients with osteogenesis imperfecta, who can have high fracture rates 17, 18 . However, this possibility could not be investigated on the basis of the present study material. In our series, we did not find the so-called ulnar bow sign (anterior bow of the ulna) described by Lincoln and Mubarak, which can help to identify a Monteggia-like lesion or dislocation 18 . Posterior or posterolateral ulnar bowing was the only deformity significantly linked to radial head dislocation in osteogenesis imperfecta other than type V (p < 0.01). Progressive long-bone bowing is probably a major factor leading to subluxation or dislocation in such patients, whereas calcification of the interosseous membrane likely is the most critical factor in type V. Prospective studies are needed to shed more light on these etiological aspects. Although this is by far the largest study on radial head malalignment in osteogenesis imperfecta, the present analysis has a number of limitations. Most importantly, this is a retrospective review of radiographs and patient charts. This may have introduced some selection bias, as radiographic documentation of the upper limb is probably better in patients who presented with clinical problems in that anatomic area. Nevertheless, most of the patients more severely affected with osteogenesis imperfecta had regular skeletal surveys of all extremities, regardless of clinical manifestations.
A retrospective and cross-sectional study such as the present one is not a suitable basis for specific treatment recommendations. Nevertheless, we note that multiple locations and directions of forearm deformities and an ulnar bowing magnitude of >20°were frequently associated with radial head dislocation in patients with osteogenesis imperfecta other than those with type V. It therefore appears reasonable to hypothesize that the appearance of radial head dislocation could be prevented by surgical correction of such deformities. In type-V osteogenesis imperfecta, such an approach appears less promising, as the calcification of the interosseous membrane seems to be an important etiological factor. Further studies are necessary to test whether straightening of the forearm bones indeed prevents radial head dislocation and improves upper extremity function. n
